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The Pacific oyster Crassostrea gigas, a palatable, fast- 
growing, r-selected estuarine oyster with moderate tempera-
ture and salinity tolerances, in 2010 constituted 14% of 
global oyster aquaculture production (FAO 2012, 2015). 
Native to the Sea of Japan and the southern Russian island 
of Sakhalin, it is the only oyster species grown commer-
cially in South Africa. Its fast growth rates, high reproduct ive 
outputs and broad environmental tolerances, which typify 
favoured aquaculture species, also contribute to its generally 
high invasion potential (Robinson et al. 2005; Ruesink et 
al. 2005; McKindsey et al. 2007; Troost 2010). Excluding 
South Africa, wild populations of Pacific oysters have 
become established in 17 of the 66 countries where they 
are commercially cultured (Ruesink et al. 2005). Recent 
expansions of non-native Pacific oysters in northern Europe 
are associated with high spatfalls in summers with warmer 
water, a phenomenon that may increase further with 
global climate change (Troost 2010; Wrange et al. 2010; 
Kochmann et al. 2013). Marine aquaculture has been identi-
fied as the main agent of introduction for all these countries, 
with subsequent and sometimes complex patterns of genetic 
differentiation following self-dispersal of established popula-
tions (Kochmann et al. 2012). 
As is generally true of species with high invasion potential, 
both the likelihood and the effects of establishment of 
Pacific oysters outside their native range vary between 
environments: the species is a prominent but not ubiqui-
tously successful invader. Despite frequent and intense 
introduction pressures worldwide, it has not become 
established in most of the countries into which it has been 
imported for aquaculture (Ruesink et al. 2005; Castaños 
et al. 2009). Full gonad ripening, and hence completion 
of the life cycle, is restricted to waters warmer than 17 °C 
(Castaños et al. 2009). In one of very few experimental 
tests of the species’ competitive abilities, Pacific oysters in 
eastern Australia dominated the lower intertidal but were 
outcompeted in the high intertidal zone by the more heat- 
and exposure-tolerant indigenous Sydney rock oyster 
Saccostrea commercialis (Krassoi et al. 2008). The area 
of suitable intertidal habitat that is available is probably an 
important fine-scale determinant of the species’ invasion 
potential (Kochmann et al. 2013), with coastlines that 
experience large intertidal ranges being more suscep-
tible to establishment of the species. Where indigenous 
bivalves are few, as in northern Patagonia, Argentina, 
Pacific oyster settlement may increase infaunal microhabitat 
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Successful aquaculture species are often chosen for their fast growth rates and fecundity, which are also 
characteristics of invasive species. The Pacific oyster Crassostrea gigas, which constitutes 80% of global oyster 
trade, has been confirmed as invasive in 17 of the 66 countries where it is cultured. The single study of its status in 
South Africa reported populations in six South Coast estuaries in 2001, dropping to three sites in 2003. We resurveyed 
these estuaries, visited others in the Eastern and Western Cape provinces, and sampled oyster tissue for molecular 
analyses of population structure. Pacific oysters have disappeared from Knysna and, following our collections, 
possibly also from the GouKou Estuary. Between 2003 and 2012, the Breede Estuary population decreased by 
87%, from an estimated 184 206 to 23 760 individuals. Within this estuary, oysters 12 km upriver had denser shells 
and higher body condition indices than did those within 1.4 km of the river mouth, presumably reflecting higher 
availability of suspended organic matter. However, low salinity over most of the species’ range in the estuary probably 
inhibits recruitment. New populations of Pacific oysters in the Swartkops and Kaaimans estuaries urgently require 
monitoring and eradication. Haplotype (h) and nucleotide (π) diversities across all oyster populations sampled (h = 
0.2300 [SD 0.0595], π = 0.0006 [SD 0.0007]) were lower than those of co‑occurring indigenous Cape rock oysters 
Striostrea margaritacea from the GouKou and Breede estuaries (h = 0.9076 [SD 0.0386], π = 0.00589 [SD 0.00347]). 
Pacific oysters either have been introduced to South African estuaries infrequently, or have experienced genetic 
bottlenecks following river floods or human exploitation, or both. Populations growing outside culture infrastructure 
are restricted to estuaries in the Eastern and Western Cape provinces, with no evidence of occurrence in fully marine 
shelf environments. Given the species’ considerable socio‑economic importance, estuarine and coastal surveillance 
coupled with aquaculture zoning are required to integrate biodiversity and food security considerations.
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complexity, and hence biodiversity (Escapa et al. 2004). 
Where the species replaces (often historically overexploited) 
indigen ous bivalves, as in the Dutch Wadden Sea where it 
occupies habitat previously dominated by the European flat 
oyster Ostrea edulis, its establishment alters biodiversity, 
sometimes causing reductions (e.g. Moehler et al. 2011), 
and sometimes not (e.g. Kochmann et al. 2008; Markert et 
al. 2010). The species’ ecosystem effects in such environ-
ments are density- and habitat-dependent (Green and Crowe 
2014), and not uniformly negative (Troost 2010; Hollander et 
al. 2015).
In South Africa, commercial culture of Pacific oysters is 
now restricted to waters 10–14 m deep, in Saldanha Bay in 
the southern Benguela region on the West Coast, and, to a 
lesser extent, in Algoa Bay in the Agulhas Current system on 
the East Coast. Feral Pacific oysters growing outside farms 
have to date not been found in either of these locations. 
Suspended culture using longlines has been the sole culture 
method employed since intertidal rack culture ceased in 
the Knysna Estuary in the Western Cape. Initial experi-
mental culture of non-native oysters in Knysna focused on 
European flat oysters imported in the early 1950s (Korringa 
1956). A small consignment of the Portuguese oyster 
Crassostrea angulata, the closest congener to the Pacific 
oyster, was imported to this site in 1952 but did not persist, 
and was succeeded in the 1970s by commercial imports 
of the Pacific oyster. Cultured Pacific oyster populations 
expanded to Algoa Bay and Saldanha Bay in the 1980s and 
1990s, respectively (Haupt et al. 2010), and since 2005 have 
expanded rapidly in Saldanha Bay while ceasing entirely in 
Knysna and suffering high seasonal mortality in Algoa Bay. 
The extremely productive Benguela ecosystem has proved 
to be the best South African (and indeed, global) growing 
environment for Pacific oysters (Pieterse et al. 2012). 
Nonetheless, South African oyster production is relatively 
small (currently three to five million oysters per year). The 
oyster and mussel sector in Saldanha Bay has the potential 
to increase more than 10-fold, providing livelihoods for 
three- to four thousand people, of which approximately half 
would be employed on oyster farms (Olivier et al. 2013).
Estuarine in its native range, the Pacific oyster reproduces 
successfully over a broad salinity range (10–40, Shatkin et 
al. 1997) and thrives in sheltered oceanic environments. 
The few such environments along the exposed c. 3 600 km 
of high-energy South African coast are restricted to the 
two bays in which Pacific oysters are now cultured, and 
to coastal estuaries. The five indigenous South African 
oyster species (Ostrea atherstonei, O. algoensis, Striostrea 
margaritacea, Saccostrea cucullata and Pinctada capensis) 
all occur either inter- or subtidally on the coastal shelf: none 
is known to penetrate more than several hundred metres 
upriver in any South African estuary.
In 2001 and 2003, Pacific oysters were recorded in six 
South African estuaries, those of the Breede, Duiwenhoks, 
GouKou, Knysna, Kromme and Keiskamma rivers (Figure 1). 
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Figure 1: Localities in which Pacific oyster Crassostrea gigas populations were reported in 2001 and 2003 (Robinson et al. 2005) and 2012 
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three populations remained, with an estimated 184 206, 
876 and 1 228 individuals, respectively, in the Breede, 
GouKou and Knysna River estuaries (Robinson et al. 2005). 
Only Knysna had previously been used as a culture site, 
but the largest population was found in the Breede River 
estuary, where anecdotal evidence suggested that the 
introduction followed live storage of oysters purchased 
elsewhere by private individuals or the hospitality industry. 
In 2003, introduced Pacific oysters were thus restricted to 
the Western Cape, having undergone an apparent range 
contraction (Robinson et al. 2005).
Understanding of invasion biology should inform aquacul-
ture policy development, but globally the high invasion 
potential of the Pacific oyster has not prevented its commer-
cial importation into any country. As marine aquacul-
ture increasingly replaces capture fisheries worldwide, 
the biodiversity risks of culturing this species seem to be 
outweighed by the need for food security. A recent biodiver-
sity risk and benefit assessment for the Pacific oyster 
in South Africa concluded that the invasion risks for this 
species are probably less than in those countries in which 
it has become established (DAFF 2012). The current South 
African Marine Aquaculture Policy Implementation Plan 
(DEAT 2009) aims to avoid or minimise the adverse environ-
mental impacts of aquaculture. Very importantly, ongoing 
revisions of the South African National Environmental 
Management: Biodiversity Act of 2004 (RSA 2004), and 
the species listings in the regulations in terms of the Act, 
have profoundly important implications for aquaculture 
policy in South Africa and should be informed by up-to-date 
knowledge of the population status of potentially invasive 
cultured species, including the Pacific oyster.
By increasing resilience in the face of environmental 
variability, high genetic diversity within introduced popula-
tions may increase the likelihood that they will prove to be 
self-sustaining (Kochmann et al. 2012). Conversely, reduced 
genetic diversity is often associated with populations 
originating from a single or few introductions (the ‘founder 
effect’), which are thus likely to experience inbreeding 
depression and a greater extinction risk (Frankham 2005; 
Nei et al. 1975). High genetic variation in the source popula-
tion, or multiple introductions from different source popula-
tions, may ameliorate this effect. 
Our study had three aims: (i) to update the 2003 surveys 
for the South African estuaries where populations of the 
Pacific oyster were last recorded; (ii) to determine body 
condition of Pacific oyster individuals within each estuary 
to help assess habitat suitability for the species; and (iii) to 
estimate genetic diversity and population structure among 
those populations of Pacific oysters found, and compare 
these with the diversity of sympatric populations of the 
indigenous Cape rock oyster S. margaritacea. We expected 
to find the largest Pacific oyster population in the Breede 
River. We also expected genetic diversity to be lower 
within and among Pacific oyster populations than among 
those of the Cape rock oyster, as a result of genetic bottle-
necks during introduction. The broad goal of the study was 
to facilitate informed assessment of the invasion potential 
of Pacific oysters in South Africa, thus contributing to the 
development of policy and legislation about management of 
commercial culture of this non-indigenous species.
Material and methods
Surveys of previously documented Pacific oyster 
popu lations
In 2012, we surveyed populations in the three estuaries 
where Pacific oysters were recorded in both 2001 and 
2003 (Robinson et al. 2005), the Breede River, GouKou 
River at Still Bay, and Knysna River (Figure 1). Pacific 
oysters are restricted to intertidal hard substrata such as 
rock or mollusc and barnacle shells (Reise 1998; Escapa 
et al 2004; Castaños et al. 2009). We surveyed all such 
‘available habitat’ quantitatively, and we also conducted 
spot checks on soft substrata (sand, mud and silt). No 
oysters were found on entirely soft substrata.
At the Breede River in May 2012, on full-moon, spring-
low tides, all available rocky habitat on both banks was 
identified from a boat by a team of four observers. GPS 
coordinates were noted at the start and end points of 
each section of available habitat, and Google Earth® was 
subsequently used to estimate shoreline length of each 
section. We walked each section in its entirety, using a 
tape measure to situate transects at the start and end and 
every 50 m between, at right angles to the water’s edge. 
Oysters were counted along each transect, which spanned 
the entire width of available habitat from the low spring to 
the high spring water marks (mean transect length 4.25 m 
[SD 1.86]). For each transect, a 50 cm × 100 cm quadrat 
was placed either in the water or close to the water’s edge, 
depending on bank steepness and the visible presence of 
oysters. Because the longer side of the quadrat was placed 
parallel to the river bank, each transect was 1 m wide. The 
quadrat was then flipped on its long edge progressively 
along the length of the transect to the high water mark, 
and all oysters within this 1 m-wide strip were counted, a 
process that took 5–20 min per transect. To estimate the 
total number of oysters in each section of available habitat, 
the mean number of oysters per metre of river bank (i.e. 
mean number of oysters per transect) for a given section 
was multiplied by the section length (m). Substratum types 
within each transect were noted. Few or no oysters were 
found in the subtidal region, possibly because a thick layer 
of sediment covered rocks below the low water mark along 
most sections.
The first 2.14 km of rocky eastern bank at the river mouth, 
referred to as the Lower Site, was sparsely and patchily 
populated by oysters. This stretch was walked in its entirety 
by three people abreast, who counted all oysters seen in 
the intertidal zone rather than only those within transect 
borders. Absolute total oyster numbers were thus counted 
and were added to all other section totals (as described 
above) to estimate the total population size for both banks 
of the Breede Estuary. The number of oysters per m2 of 
river bank for the Lower Site was calculated as the total 
number of oysters divided by the (measured) distance 
walked. Mean numbers of oysters per m of river bank for 
this and all other sections, and the overall mean density of 
oysters per m2, provided the basis for direct comparison 
with reworked data for the same estuary in 2003 (Robinson 
et al. 2005).
For the Breede Estuary population, the sex ratio was 
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in January 2013, which were collected in approximately 
equal numbers from the Upper (limit of occurrence furthest 
from the mouth), Middle (a section of oyster-inhabited bank 
closest to the midpoint between the two extremes, 7.9 km 
upstream of the mouth) and Lower sites. This exercise was 
conducted once population estimates were calculated, to 
ascertain whether the population decline detected since 
2003 (see below) might be attributable to a skewed sex 
ratio.
At the Knysna River Estuary in July and August 2012, 
3–4 observers used combined boat and walking surveys 
over four days to inspect all available habitat within the 
estuary at full moon spring low tides, and found no Pacific 
oysters. Walking surveys began at sites where the popula-
tion had been concentrated in 2003, but quickly expanded to 
include all rocky substrata along the main river channel from 
Featherbed Nature Reserve to a point 13.2 km upstream.
At the GouKou River on 17 August 2012 (at new moon), 
two observers conducted a walking survey of all available 
habitat alongside the river within 7 km of the mouth, counting 
all oysters present.
Body condition
In the Breede River estuary, 31 Pacific oyster individuals 
were collected from each of the Upper, Middle and Lower 
sites. Thirty-two Cape rock oyster individuals were also 
collected at the Lower site, for interspecific comparisons 
of genetic diversity within estuaries. Totals of 10 Pacific 
oysters and 33 Cape rock oysters were collected from the 
GouKou Estuary.
All oysters were hand-cleaned of sediment and epifaunal 
organisms – such as barnacles and mussels – using a 
nailbrush, individually placed into plastic Ziploc® bags to 
retain all body water during freezing, then frozen at −20 °C 
for 2–3 weeks before tissue sampling. In the laboratory, 
oysters were then thawed, weighed wet on a Denver MAXX 
120 g scale (accurate to 0.01 g), shucked, and the shell and 
meat separately weighed wet. Both these body components 
were then dried to constant mass at 50 °C, and reweighed 
to obtain dry masses (g). Dry weight condition index (DWCI) 
was calculated as [(dry meat mass × 100) ⁄ (dry shell 
mass)], according to Walne and Mann (1975). This index is 
independent of hydration state or inter-valvar fluid volume, 
and was used for inter-site and interspecific comparisons 
of body components (soft tissue or meat, and shell). The 
index may be compared directly with published values for 
this species cultured in South Africa (Pieterse et al. 2012) 
and elsewhere (Handley 2002; Pogoda et al. 2011). Shell 
dry mass expressed as a percentage of wet mass was used 
as a measure of shell density.
Population structure: DNA extraction, PCR, and sequence 
analysis
During shucking for DWCI estimation in May and August 
2012, mantle and gill tissue samples of approximately 0.2 g 
were dissected from 30 Pacific oyster individuals from the 
Breede River estuary (10 each from the Upper, Middle 
and Lower sites) and from 10 individuals from the GouKou 
River estuary.
In August 2013, Pacific oysters were discovered in the 
Swartkops River Estuary (Eastern Cape), and 31 individuals 
were collected opportunistically from each of two locations, 
the vertical concrete walls of a disused power station canal 
2.7 km from the river mouth, and the intertidal rock and 
gravel beaches on the northern river bank within 500 m 
of the mouth. Of the order of hundreds of Pacific oysters 
were observed at both locations, but a quantitative survey 
could not be undertaken. In the same month, a small 
sample comprising all 14 oysters seen, some of indeter-
minate species, was collected in the Bitou River estuary 
in the Western Cape (Figure 1). Of these, eight proved to 
be Pacific oysters. In December 2013, 25 oysters were 
collected from the Kaaimans River mouth in the Western 
Cape (Figure 1). Logistical constraints prevented population 
surveys in these three estuaries, but we collected tissue 
samples for incorporation into the haplotype and diversity 
analyses to gain as much information as possible about 
the genetic structure of populations of this species in South 
Africa.  
For comparison of genetic diversity between Pacific 
and indigenous oysters, tissue samples were taken from 
30 Cape rock oysters from the mouth of the Breede River 
(the Lower Site), and 15 from the GouKou River mouth. All 
tissue samples were preserved in 70% ethanol for 4–12 
weeks before DNA extraction.
DNA was extracted from tissue using Macherey-Nagel’s 
NucleoSpin® tissue kit, following the manufacturer’s instruc-
tions. Polymerase chain reactions (PCR) was performed 
using LCO1490 (forward) and HC02198 (reverse) primers, 
amplifying a partial section of the cytochrome oxidase 1 
(CO1) gene region. Amplification for the Pacific oyster 
was carried out using the universal primers and protocol 
by Folmer et al. (1994). The PCR protocol for the Cape 
rock oyster was adapted from that used by Klinbunga 
et al. (2001). A gradient PCR was used to determine the 
annealing temperature, leading to the following protocol: 
initial denaturation at 94 °C for 3 min, 40 denaturing cycles 
at 94 °C for 10 s, annealing at 42 °C for 30 s, elongation 
at 72 °C for 90 s, and a final elongation cycle of 5 min at 
72 °C. To ascertain success of amplification, 5 µl of PCR 
product was visualised on a 1% agarose gel stained with 
ethydium bromide. The PCR products were sequenced 
on an ABI-3100 automated sequencer at Stellenbosch 
University.
Gene sequences were edited and aligned in BioEdit 
(Hall 1999) and haplotype (h) and nucleotide (π) diversity 
indices were calculated in Arlequin (Excoffier and Lischer 
2010). Haplotype networks were determined using a 
minimum-spanning network using the program TCS 
(Clement et al. 2000). 
Results
Population size and density, and habitat
During the 2012 surveys, Pacific oysters were found intertid-
ally in the Breede River and GouKou River estuaries, but 
not in the Knysna Estuary. Within 1 km of the GouKou River 
mouth, all 15 oysters that were found on shale outcrops 
were removed. No density estimates were attempted for this 
population.  
The total population of Pacific oysters for all occupied 
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estuary in May 2012 was estimated as 23 760 individuals 
(SD 5 847), from 132 transects. This was 12% of the 2003 
estimate of 184 206 individuals (SD 21 058) obtained using 
the same transect methodology (Robinson et al. 2005). The 
number of oysters per metre of waterline along the eastern 
river bank was 3.9 (SD 4.1) at the Upper Site, peaked at 
6.0 (SD 5.7) for the Middle Site, and declined to 0.06 near 
the mouth (Lower Site), where total counts rather than 
transects were used. Mean oyster density among all sites 
was 0.57 oysters m–2 (SD 0.44) of available intertidal hard 
substratum (n = 132 transects), 6.9% of that found in the 
2003 survey (8.3 oysters m–2 (SD 8.8), n = 38 transects; 
Robinson et al. 2005). Although the total population size 
and density of Pacific oysters have both declined substan-
tially in the nine years between surveys, the range of the 
species’ occurrence extended farther upriver by some 3 km.
The very low densities of Pacific oysters in the first 
1.45 km of available (rocky) habitat at the Breede River 
mouth, where all oysters were counted, were equal to those 
of the co-occurring indigenous Cape rock oysters (0.06 
oysters m–1 of river bank). In all, 89 Cape rock oysters were 
found, none of them more than 1.45 km upriver.
We surveyed six sections on the eastern bank of the 
Breede River (5.97 km, encompassing 55 transects, 
plus 2.14 km at the mouth within which all oysters were 
counted) and 10 sections on the western bank (3.49 km, 
encompassing 76 transects), for a total surveyed length of 
9.46 km. The intertidal substratum in the section surveyed 
at the mouth on the eastern bank was predominantly shale, 
interspersed with silt and sandy beaches and occasional 
outcrops of sandstone. On the western bank, to a distance 
of 5.4 km upriver of the mouth, 57.1% of 35 transects fell on 
mixed shale and silt soft substratum, 34.3% on sandstone, 
and 6% on pure shale outcrops. In the midsection of our 
sampling range, 5.4–9.2 km upriver, both the eastern and 
western banks were dominated by pure shale (83.3% of 
54 transects and 95% of 20 transects for the two banks, 
respectively), with the remainder of the transects on each 
bank falling on mixed shale and silt beaches. Between 
10 and 11.7 km upriver of the mouth, we encountered 
oysters on the west river bank only, with all transect habitat 
consisting exclusively of mixed shale and silt substrata 
(21 transects). At the upper limit of occurrence, 11.7 km 
upstream along the river channel on the western bank, 
adult Pacific oysters (>80 mm shell length) were found on 
a pebble beach known locally as ‘Round Rocks’, with some 
attached to loose spherical rocks <20 cm in diameter. At 
other sites on the western bank, healthy oysters were found 
completely coated in a layer of silt approximately 4 mm 
thick. 
Among the 57 Pacific oysters sampled for the sex ratio 
assessment, 16 were male and 41 female, differing signifi-
cantly from parity (χ2 = 11.0, p < 0.001). Mean body size 
differed between genders, but not significantly: males 
weighed 175.9 g (SD 73.6) and females 145.8 g (SD 54.4).
Body condition: relative meat and shell masses, and 
shell density
In the Breede River, both DWCI and shell density were lower 
in Pacific oysters collected at the mouth than in those from 
the Middle and Upper sites (Table 1). Oysters upstream 
apparently allocate a progressively higher proportion of 
body mass to meat, confirmed by a generalised linear model 
ANCOVA with homogeneous slopes comparing shell dry 
mass between sites, with meat dry mass as a covariate 
(F2,90 = 8.96, p = 0.0003). Pacific oysters in both the Breede 
and GouKou river mouths had significantly higher shell 
densities than Cape rock oysters collected from the same 
sites within the same weeks (Table 1). 
Population genetic analyses
Pacific oysters had both lower haplotype (h) and nucleotide (π) 
Oyster species/sample site n
DWCI  Shell density (%) 
Median 25% quartile 75% quartile Median 25% quartile 75% quartile
Breede River
Pacific oyster
Upper Site 31 4.12a 3.50 4.71 92.9 91.6 94.1
Middle Site 31 3.51b 3.12 4.09 93.4a 92.1 94.7
Lower Site (mouth) 31 3.33b 2.90 3.73 91.5bx 88.9 93.0
Cape rock oyster
Lower Site (mouth) 29 3.17 2.73 3.80  87.8y 82.6 89.1
GouKou River mouth
Pacific oyster 7 3.07 2.89 3.26 89.7j 87.5 93.1
Cape rock oyster 29 2.42 2.13 2.97  84.1k 82.6 86.9
a,b Within the Breede River estuary, DWCI was higher for the Pacific oyster collected at the Upper Site than for conspecifics from the two 
sites downstream (H2,93 = 13.9, z = 2.46 and 3.66 for Upper–Middle and Upper–Lower comparisons, respectively, p < 0.05 and 0.005). 
Shell density was higher for oysters from the Middle Site than for those from the Lower Site (H2,93 = 11.0, z = 3.19, p < 0.005)
x,y At the Breede River mouth (Lower Site), shell density was higher for the Pacific oyster than for the Cape rock oyster (U31,29 = 177, z = 4.02, 
p < 0.0001)
j,k At the GouKou River mouth, both DWCI and shell density were higher for the Pacific oyster than for the Cape rock oyster (U7,29 = 52 and 
29, z = 1.96 and 2.88, p < 0.05 and 0.005 respectively)
Table 1: Inter-site comparisons of dry weight condition index (DWCI; dry meat mass as a percentage of dry shell mass) and shell density 
(shell dry mass as a percentage of wet mass) for the Pacific oyster Crassostrea gigas in the Breede River estuary, and interspecific 
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diversity indices than did the indigenous Cape rock oysters 
in the samples under study (Table 2). In addition, the 
haplotype network for the Pacific oyster (Figure 2) is less 
complex than that for the Cape rock oyster, confirming our 
finding of lower genetic diversity for the non-indigenous 
species.  
Discussion
Population size changes in Western Cape estuaries
Robinson et al. (2005) stressed the urgency of invasion 
risk management of wild populations of the Pacific oyster 
in South Africa. Subsequently, the species has appeared 
in some estuaries, most notably that of the Swartkops 
River where it has been cultured on a small scale for 
many years, but also in the Bitou and Kaaimans estuaries, 
where no aquaculture has been recorded. Prior culture 
does not seem to be a prerequisite either for the appear-
ance or persistence of the species in a particular estuary. 
As a popular delicacy, oysters are moved unpredictably by 
humans in small numbers, and kept temporarily in estuaries 
(AFG Tonin, Saldanha Bay Oyster Company, pers. comm.).
The local near-extinction that we report for the GouKou 
Estuary, which has never been a culture site, and extinction 
at Knysna soon after the end of over 50 years of cultiva-
tion (Korringa 1956), are probably attributable to common 
causes of human exploitation, intertidal habitat destruc-
tion, flooding and siltation. In Knysna, construction of a 
section of the national N2 highway probably destroyed 
one of the most concentrated settlements of oysters 
reported in 2001 and 2003 (TB Robinson, University of 
Stellenbosch, and AFG Tonin, pers. comm.). From 2006 
to 2007 in the Knysna area, and in November 2008 in the 
Breede River catchment, periodic heavy rainfalls and river 
















Figure 2: Haplotype networks for Pacific oysters Crassostrea gigas from four estuaries in the Western Cape: Breede (n = 29), GouKou (n = 
10), Kaaimans (n = 13) and Bitou (n = 8) and one in the Eastern Cape: Swartkops (n = 20 from the canal and n = 12 from the river mouth 
[see Material and Methods]); and for Cape rock oysters Striostrea margaritacea from the Breede (n = 25) and GouKou (n = 10) estuaries. 
Areas of circles are proportional to the number of individuals sharing haplotypes; also, numbers greater than one are shown in parentheses. 
Branches joining circles indicate a single mutational step from the primary haplotype to the next; perpendicular lines crossing branches 
indicate the number of further mutational steps between haplotypes (branch length was not used to indicate number of mutational steps) 
Locality Haplotype diversity (h) (SD)
Nucleotide diversity 
(π) (SD)
Pacific oyster Crassostrea gigas
Breede (29) 0.2611 (0.1063) 0.000668 (0.000702)
GouKou (10) 0.3778 (0.1813) 0.000969 (0.000949)
Kaaimans (13) 0.2949 (0.1558) 0.000497 (0.000614)
Bitou* (8) 0.0000 (0.0000) 0.000000 (0.000000)
Swartkops (32) 0.4644 (0.1111) 0.001062 (0.000938)
Total (92) 0.2300 (0.0595) 0.000620 (0.000695)
Cape rock oyster Striostrea margaritacea 
Breede (25) 0.9000 (0.0535) 0.005801 (0.003472)
GouKou (10) 0.9167 (0.0493) 0.115171 (0.058812)
Total (35) 0.9076 (0.0386) 0.005890 (0.003474)
* All samples from the Bitou River grouped into a single haplotype, 
yielding diversity indices of 0. This may have been a result of the 
low sample size for this location
Table 2: Haplotype (h) and nucleotide (π) diversity for two oyster 
species sampled at different localities. Sample sizes are shown in 
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floods (Holloway et al. 2010) could have led to prolonged 
exposure of riverine oysters to fresh water. Although 
Pacific oysters are tolerant of low salinity (Shatkin et al. 
1997), freshwater floods are very likely to have been lethal, 
particularly to juveniles. Notably, the disappearance of the 
Knysna off-farm settlements coincided with the decline and 
demise of the cultured population in the decade following 
2000, suggesting that feral Pacific oyster populations in this 
estuary were not self-sustaining.
The precipitous decline of the largest recorded popula-
tion in the Breede Estuary in 2012 (to 12% of its size and 
6.9% of its density in 2003) suggests that C. gigas has 
not reached self-sustaining invasive status in this estuary. 
The reduced reproductive potential that may result from 
unfavourable sex ratios in isolated populations is extremely 
unlikely in this case: Pacific oysters are protandrous 
hermaphrodites that repeatedly change gender (Dheilly 
et al. 2012) and in December 2012 females outnumbered 
males by nearly three to one in the Breede Estuary. Episodic 
heavy human predation of accessible intertidal oysters may 
serve as a highly effective control measure (S Lamberth, 
Department of Agriculture, Forestry and Fisheries, and 
N Scholtz, Lower Breede River Conservancy, pers. comm.), 
in combination with periodic flooding and poor retention of 
larvae. 
Distribution changes in the Eastern and Western Cape 
The discovery of new populations of Pacific oysters in 2013 
was unexpected, given that the species was not recorded 
from the Swartkops River estuary in 2001 and 2003, or 
from the Kaaimans and Bitou rivers in 2003 (Robinson et 
al. 2005). The Swartkops Estuary was used for commer-
cial culture of Pacific oyster culture in the 1980s (de Keyser 
1987) and then again in 2005 (S Daniel, Zwembesi Oyster 
Farm, and AFG Tonin, pers. comm.).
In Algoa Bay in June 2012, 18 juvenile oysters that settled 
on seven adult Pacific oysters that were farmed in cages 
suspended from a commercial longline in 14 m-deep waters 
east of the harbour wall (33°56′48.6″ S, 25°37′45.2″ E) 
were identified as Ostrea spp., grouping genetically with 
indigen ous oysters found further west in the GouKou Estuary 
mouth (JMK, SJ and SvdH, unpublished data). The possibility 
that reproduction and settlement by farmed Pacific oysters 
on the infrastructure of farms themselves may be limited is 
supported by contemporaneous work on the infrastruct ure 
of the same farm that showed that juvenile oysters (of 
unconfirmed species) were outcompeted by the ascidian 
Pyura stolonifera (JJ du Plessis, AE Cloete and D Baird, 
Nelson Mandela Metropolitan University, unpublished data). 
At-sea settlement of Pacific oysters spawned by farmed 
adults may be minimal, but coastal surveys of intertidal hard 
substrata are needed to confirm this.
Body condition suggests upriver food sources in the 
Breede River estuary
Within the Breede River estuary, there was no evidence of 
physiological depletion (a condition observed by Chávez-
Villalba et al. 2010) among Pacific oysters at the upriver 
end of the expanded range. Indeed, these oysters had 
higher dry meat:shell mass ratios (DWCI values) than 
those found downstream. The species feeds primarily on 
phytoplankton, but also on resuspended sediments such 
as microphytobenthos, faecal pellets, bacteria and detritus 
from vascular plants and benthic algae (Barillé et al. 1997). 
At the Upper Site, lower marine phytoplankton abundance 
may be compensated for by the presence of edible detritus 
from dense beds of eelgrass Zostera capensis that occur 
a short distance upriver of this site. Thus, despite periodic 
freshwater flooding and the sedimentation that accom panies 
this, relatively high body condition suggests that the intertidal 
habitat 12 km upriver in the Breede Estuary is suitable and 
even advantageous habitat for adult Pacific oysters.
Oysters cultured intertidally experience similar feeding 
constraints to those imposed on introduced Pacific oysters 
in the Breede River estuary as a result of low-tide emersion. 
Oysters growing and reproducing on racks in the Houhora 
River in western New Zealand had dry mass apportionment 
to meat and shell (DWCI 3.7–4.7; Handley 2002) that was 
similar to Breede River oysters. In contrast, oysters in the 
Breede River allocated proportionally less body mass to soft 
tissues (DWCI 3.5–4.7) than did those farmed in marine 
suspended culture in Algoa Bay (7.2–8.7) and Saldanha 
Bay, South Africa (12.8–15.9; Pieterse et al. 2012), British 
Columbia (5.0–15.0; Brown and Hartwick 1988), and the 
North Sea off Germany and Denmark (3.4–11.8; Pogoda 
et al. 2011). By maximising feeding time, and hence body 
condition, suspended culture creates an environment for 
oysters that is more favourable than that of natural intertidal 
habitat.
As with DWCI, shell density, a critical component of oyster 
resistance to desiccation and predation (Zhang et al. 2012), 
was also higher at the Upper Site, possibly in response to 
relatively high sediment loads at that location (Waldock and 
Thain 1983). Pacific oysters collected within 1.4 km of the 
Breede and GouKou river mouths had higher shell densities 
than indigenous Cape rock oysters from the same sites, 
which was probably a species-specific characteristic.
Determinants of invasion potential in Pacific oysters
The mean densities (oysters m–2) in the Breede River 
estuary, which decreased from 8.3 (SD 8.8) in 2005 to 0.57 
(SD 0.44) in 2012, are low relative to those found elsewhere 
in the species’ invasive range. In Denmark, density ranged 
between 0.03 and 15.3 m–2 and in Sweden from 0.64 to 
505 m–2, with maximum densities being recorded in oyster 
settlements on mussel beds in the north (Wrange et al. 
2010). In the Wadden Sea of Schleswig-Holstein, densities 
ranging from 290 to 600 m–2 (Troost 2010) greatly exceed 
those reported in the current study. Likewise, in Anegada 
Bay, in northern Patagonian Argentina, densities ranged 
from >30 m–2 in the low intertidal to 80–90 m–2 in the mid 
intertidal (Escapa et al. 2004).  
Salinity and temperature
Temperatures >17 °C are optimal for completion of the 
life cycle of the Pacific oyster (Castaños et al. 2009), and 
salin ities >20 are most favourable for growth (Brown and 
Hartwick 1988), as well as larval survival, which is greatly 
reduced if gametogenesis occurs below this threshold 
(Muranaka and Lannan 1984). Although temperature was 
optimal (20–25 °C) in the Breede River estuary in both 
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occurred 4–5 km from the river mouth; salinities of 10 
predominated at the Upper Site and of <20 at the Middle 
Site (Lamberth et al. 2008). Hence, although both adult and 
larval Pacific oysters can survive low salinities (5 and 15 
respectively; Nell and Holliday 1988), only the Lower Site of 
the Breede River has salinity levels suitable for successful 
recruitment. However, Lamberth et al. (2008) suggest 
that higher salinities are likely to become more prevalent 
upstream: hydrological modelling of future scenarios with 
reduced mean annual runoff in the Breede River catchment 
area showed a likely progression from the past pristine 
freshwater-dominated system through the present-day 
42% reduction in mean annual runoff to future reductions 
of from 47% to 64%. Under such scenarios, the Breede 
River estuary is likely to become increasingly saline, with 
other changes such as decreased acidity also possible 
(S Lamberth pers. comm.).
Although the salinity tolerances of the Cape rock oyster 
and other indigenous South African oysters are unknown, 
their restriction to within 1.4 km of the river mouth, where 
salinities approximate 35 for much of the tidal cycle 
(Lamberth et al. 2008), may indicate that they have narrower 
tolerances than Pacific oysters. Feeding preferences may 
also account for the absence of indigenous oysters upriver, 
where marine phytoplankton is replaced by food of terrestrial 
and freshwater origin.
Extent of hard intertidal habitat and water turnover 
A rigorous, fine-scale study of the distribution of Pacific oysters 
in Ireland showed that the presence of hard substratum, 
water residence times of >21 days in embayments, and 
intertidal areas wider than 50 m, are together the best predic-
tors of the occurrence of this species (Kochmann et al. 2013). 
The marine-influenced lower section of the Breede River 
meets only one of these three criteria: the presence of rocky 
intertidal bank. Tidal amplitudes in the Breede River estuary 
(and indeed over the entire South African coastline) are 
<1.8 m, leading to intertidal areas 4.25 m wide [SD 1.86]. The 
tidal ranges (and hence areas of intertidal habitat) are much 
greater on many heavily invaded European and western 
North American coasts, such as those of Ireland (4.6 m; 
Kochmann et al. 2013) and the Dutch Wadden Sea (2–3 m; 
Oost and de Boer 1994).
The water residence times of 7–10 days in Saldanha 
Bay are less than half those for the Irish bays success-
fully colonised by Pacific oysters (Monteiro et al. 1998; 
Kochmann et al. 2013). The residence times of 5–26 days 
in Algoa Bay, estimated from measured speeds of the 
predominantly south-westwards, alongshore, deep currents 
(Schumann et al. 2005), are longer. Export of Pacific oyster 
larvae from Saldanha Bay therefore is probably more rapid 
than from Algoa Bay. It is unlikely, although not impossible, 
that oyster larvae were transported naturally 250 km south-
west from Algoa Bay to the north-easternmost Western 
Cape estuary population that we report, in the Bitou River.
Competition
The benthos and intertidal communities of Saldanha 
Bay are surveyed annually by the Saldanha Bay Water 
Quality Forum Trust, which is administered by a consor-
tium of local industries (Clark et al. 2013). Pacific oysters 
have yet to be recorded growing outside farm infrastruc-
ture in either Saldanha Bay or Algoa Bay, where recruit-
ment to suitable sheltered habitat may be inhibited by low 
temperature (in Saldanha Bay), export of larvae by tidal 
and wind-driven water exchange, or interspecific competi-
tion for space and food by the broad array of established 
invasive filter-feeders such as barnacles Balanus glandula 
and mussels Semimytilus algosus (Mead et al. 2011), and 
the fast-growing and wave-resistant Mediterranean mussel 
Mytilus galloprovincialis (Branch and Steffani 2004). The 
diverse community of indigenous tunicates, bivalves, 
limpets and barnacles, adapted to the often high-energy 
South African rocky shore, likewise probably competes with 
oysters, which may be less tolerant of high wave action 
(Robinson et al. 2005).
Population diversity indices
Despite fewer individuals collected, genetic diversity was 
higher for the indigenous Cape rock oyster than for the 
Pacific oyster (Figure 2, Table 2). Although genetic diversity 
indices among Pacific oyster populations were highest for 
the Swartkops Estuary, no population genetic structure was 
found between sampling locations. This implies either that 
the Pacific oyster may be spawning in estuaries between 
which there is subsequent larval exchange, followed by 
settlement, or that all oysters sampled from the different 
systems were from the same breeding stock. Given that spat 
sampled from the shells of farmed Pacific oysters in Algoa 
Bay was identified as that of indigenous species rather than 
Pacific oysters, human-mediated transfer of oysters between 
estuaries seems more plausible than admixture resulting 
from actively spawning stock. Connectivity between the two 
main culture areas currently in use (Algoa and Saldanha 
bays), is far more likely through human agency (relocation 
of oysters for culture purposes) than through natural larval 
exchange, given the short duration of larval dispersal and 
the fact that these bays are separated by some 870 km of 
coastline, and are in different oceanic current systems.
Conclusions: recommendations for aquaculture policy
Recent population decreases of Pacific oysters in South 
Africa are not cause for complacency regarding the 
species’ invasion potential: new estuarine populations in 
the Swartkops and Kaaimans rivers suggest an ongoing 
possibility of estuarine colonisation linked either to aquacul-
ture or to introductions through the practice of keeping 
oysters fresh before consumption (Robinson et al. 2005). We 
lack understanding of the extent to which competition inhibits 
settlement of Pacific oysters in coastal marine habitats 
occupied by indigenous Cape rock oysters in the Eastern 
and Western Cape. Harvests of indigenous oysters may be 
under-reported (Haupt et al. 2010) and their population status 
has not been surveyed. Although the exposed, high-energy 
nature of the South African coastline is a mitigating factor 
(Robinson et al. 2005), future studies of competitive interac-
tions of introduced Pacific and indigenous oysters where 
they co-occur in South Africa are needed to assess the risk 
that the former will expand into habitat left vacant should 
indigen ous oyster densities begin (or continue) to decline.
Suggested management priorities and precautionary 
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• Estuarine culture of Pacific oysters in South Africa 
should be avoided. Estuarine culture has proved to be 
unsuccessful commercially, despite repeated trials over 
the past 60 years (e.g. Korringa 1956), and our study 
suggests that it is more likely to lead to establishment of 
feral populations (e.g. in the Swartkops River estuary) 
than is coastal marine culture. 
• Assessment of the size of the recently established popula-
tion of Pacific oysters in the Swartkops River estuary, and 
continued surveillance in estuaries such as those of the 
Breede and Kaaimans rivers, where the species currently 
occurs, are management priorities. Manual eradica-
tion is recommended for these estuaries, given that early 
elimination of small populations is effective in preventing 
invasions (Wilkie et al. 2013). The physical destruction of 
intertidal oysters [using crowbars] has proved successful 
in Australia (Anon. 2011), particularly in the early stages of 
relatively restricted invasions, and should be attempted for 
South African populations.
• Recruitment and larval dispersal should be assessed in 
estuaries where the species now occurs, and in its two 
main culture locales – Saldanha Bay on the West Coast, 
where it has not established populations outside farms, 
and Algoa Bay on the East Coast, adjacent to the new 
Swartkops River population. 
• Better understanding of competitive interactions at culture 
sites in Algoa and Saldanha bays is required.
• Coastal oyster culture in the Eastern Cape should include 
assessments of the potential of indigenous species as an 
alternative to Pacific oysters, given (a) the recent appear-
ance of new Pacific oyster populations in the Swartkops 
Estuary, (b) the suboptimal phytoplankton concentrations 
and water temperature regimes in Algoa Bay for Pacific 
oysters (Pieterse et al. 2012), and (c) the high value of – 
and market opportunities for – the Cape rock oyster.
• The patchy occurrence of introduced populations of Pacific 
oysters, together with the species’ considerable socio-
economic importance, suggests that aquaculture manage-
ment should take geographic differences in invasion risks 
into account (i.e. through the use of zoning) to integrate 
biodiversity and food security considerations effectively.
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